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Abstract— Coal supply management decision, especially in supplier selection and receiving strategy, plays a crucial role in the
efficiency and resilience of primary energy source for a coal-fired power plant (PLTU). Suppliers’ commitment, logistic disruptions,
and other risks present uncertainty in the decision-making process. This research proposes a multi-criteria decision-making (MCDM)
model methodology with an integrated Analytical Hierarchy Process and Monte Carlo simulation (AHP-MC) approach for coal
suppliers’ selection and receiving strategy optimization that considers uncertainty in the energy planning development for PLTU
Pelabuhan Ratu, West Jawa - Indonesia. The AHP model analysis aims to determine the optimal coal supplier selection based on
criteria such as price, coal quality, supply delivery reliability, and coal receiving strategy through order management and forward
contracts. The Monte Carlo simulation method is used as a simulation for criteria laden with uncertainty in the coal supply chain, such
as coal quantity and quality to coal reserve stocks. The instrumentation analysis uses Expert Choice 11 software for AHP modeling of
coal supplier selection, and Microsoft Excel with add-ins Crystal Ball for Monte Carlo simulation and Log-Hub for routine demand
forecasting simulation based on historical data of coal supply chain management at PLTU Pelabuhan Ratu. The result shows that the
coal demand data trend is distributed in minimum extreme pattern. The optimum point of demand is expected by 338.6 thousand ton
which lead the productivity of electricity generation about 72,52% of its maximum capacity. The demand of coal is highly recommended
to be supplied by 9 top priority of the chosen suppliers based on AHP model. The model proposed is potentially 4.40% more efficient
than current ongoing coal demand in term of sustainability of electricity supply management. The output and contribution of this
research are expected to be input as an alternative model for coal supply management decision optimization, increasing production
system development in the energy sector and energy efficiency at PLTU Pelabuhan Ratu.
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I. INTRODUCTION

Coal remains the dominant energy source in Indonesia, accounting for 66% of the national energy mix in 2021 [1]. The demand
for domestic coal consumption is exhibiting a positive growth trend, averaging around 7.48% annually [2], surpassing the global
forecast of 5% by the International Energy Agency [3]. Notably, the highest growth rate was recorded in 2022 at 32%, attributed
to the post-pandemic economic recovery and domestic industrial development [4].

According to local regulation in West Java [5] on the Regional Energy Master Plan for West Java Province 2018-2050, coal
usage as a fuel for power plants and industries like textiles and cement accounts for 98.78% of the region's primary energy mix,
contributing to a total of 24.53%. Energy demand projections indicate that coal requirements for power plants in West Java will
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increase by 8.71% annually until 2050, reaching 69.4 million tons, representing 29.46% of the energy mix. This local coal
demand growth trend surpasses the national increase of 7.8% and the average annual coal production growth rate of 7.18% until
2023 [6]. This unbalanced growth pattern necessitates optimizing coal supply management and energy management to ensure
supply stability and power plant operational sustainability.

Reference [7] revealed that economic growth, energy prices, and technological innovation positively impact coal consumption
in Indonesia between 2000 and 2018. However, this increased coal usage does not necessarily translate into improved
profitability for companies or enhanced supply chain management capabilities [8]. Therefore, to ensure a stable coal supply,
power plant operators must also optimize their supplier relationships. While these suppliers may not exhibit strong profitability,
their operational efficiency remains crucial for maintaining the coal-fired power plant operations.

Optimizing coal supply in a coal-fired power plant is crucial to ensure energy production stability, prevent supply deficits, and
minimize costs. This optimization involves two key aspects; selecting reliable coal suppliers and implementing efficient coal
receiving processes. Choosing dependable coal suppliers is essential for maintaining a stable supply and reducing logistics
expenses [9]. Reliable suppliers can consistently deliver high-quality coal at agreed-upon quantities and prices, minimizing
disruptions to the power plant operations. While, streamlining coal receiving processes plays a vital role in lowering exergy
losses and saving overall costs [10]. Efficient processes minimize delays, optimize handling, and ensure accurate coal quality
assessment, contributing to overall plant efficiency.

This research aims to investigate the influence of supplier selection and coal receiving efficiency on coal supply availability and
electricity production at Pelabuhan Ratu coal-fired power plant, a medium-scale power plant (3x350 MW) located in southern
West Java, Indonesia. The supplier selection process will employ the analytical hierarchy process (AHP) model, a widely used
tool in management for decision-making and analysis [11]. The AHP model will incorporate crucial factors in supply and
energy management, including coal quality and price, supplier reliability, supply sustainability, supply receiving strategies and
supplier contracts. The coal receiving efficiency study will utilize Monte Carlo simulations to assess the variability in coal
demand at the power plant and the realization of supply from each supplier.

The outcomes of this research are expected to have a positive and significant impact on various aspects of coal supply and
electricity production at Pelabuhan Ratu coal-fired power plant and provide valuable insights for optimizing energy
management practices. By understanding the relationship between coal supply availability and electricity production capacity,
the research can inform strategies for maximizing power plant output. This could involve selecting suppliers based on their
ability to meet demand fluctuations and optimizing coal receiving processes to minimize logistics and electricity production
costs.

II. LITERATURE REVIEW AND METHODOLOGY
2.1. Coal-fired Power Plants and Energy Management Challenges in Indonesia

Coal-fired power plants (CFPPs), like the Pelabuhan Ratu Power Plant (PLTU Pelabuhan Ratu) in Indonesia, remain a
significant source of electricity generation. However, their reliance on coal presents challenges for efficient energy
management. Optimizing coal selection is crucial for minimizing costs, maximizing plant performance, and ensuring a reliable
electricity supply in Indonesia.

Fuel supply optimization is a crucial aspect of energy management. In a coal-fired power plant, by strategically blending, and
managing coal, energy management focuses on optimizing operations to generate electricity more efficiently and reliably.
Diversifying fuel sources and suppliers creates a more secure energy supply [12], reduces the risk of shortages [13], and
improves power plant capacity management for extreme demand periods [14]. Despite not demonstrating strong profitability,
the power plant's operations remain stable [15[. To maintain a stable and controlled energy production within a limited range,
continuous monitoring is essential to ensure the supplier's commitment to delivering high-quality energy sources. This
continuous monitoring must be balanced dynamically with efforts to manage cost aspects [16].

Selecting the right coal suppliers is crucial for a coal-fired power plant as it directly impacts their operation and efficiency.
Reliable suppliers ensure consistent delivery of high-quality coal at competitive prices, minimizing disruptions, optimizing
logistics, and controlling costs [17]. An effective supplier selection model further reduces supply uncertainty, enhances
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operational stability, and contributes to a more secure and affordable electricity supply for the region [9]. Research demonstrates
the effectiveness of MCDM techniques like the Analytical Hierarchy Process (AHP) in evaluating and ranking coal suppliers
based on multiple criteria and decision-maker preferences, applicable to the PLTU Pelabuhan Ratu [18].

In energy sector, the criteria of suppliers’ selection are comprised by the supply side capability, i.e., fuel price, quality, delivery
time, technical ability [19], flexibility and response [20], and stock capacity [21]; and demand side receiving mindset to seek
optimal order allocation [22,23,24], sustainability in energy supply chain management [25], and optimal supply contract [26,27]
in which those options rely on the minimum realization of allocation contract and logistic costing. The integration of both side
criteria is expected to be more reliable consideration to determine more accurate minimum realization [27] for energy
generation and logistic cost efficiency [28].

A significant portion of research publications on logistics optimization within energy supply chain management employ
deterministic models [9]. Deterministic methods are mathematical models where parameters can be measured with a high
degree of certainty. This allows for optimization based on average coal supply and logistic cost values. In contrast to logistics
optimization, energy supply chain management often necessitates a stochastic approach that incorporates randomness and
uncertainty into its models as what become the background of the previous references [22-27]. This is due to the inherent
variability in energy production data, which is influenced by factors such as losses and disruptions in the dynamic energy
system [28]. Studies highlight the inherent variability in energy demand, influenced by factors like weather patterns and
economic activity. Monte Carlo Simulation (MCS) is recognized as a valuable tool for predicting future demand and assessing
its impact on decision-making at the PLTU Pelabuhan Ratu [29, 30].

The proposed research aims to bridge the gap between deterministic and stochastic approaches in energy supply chain
management by incorporating stochastic elements (demand assumption) into the optimization model. This approach addresses
the inherent uncertainty in energy supply chains, particularly in terms of delivery times and the quality of delivered coal. This
enables the model to capture the complexities of energy supply chains while providing a robust solution that can handle
uncertainty.

2.2. Gaps in Existing Research

While existing research offers valuable insights into coal supplier selection and energy management in coal-fired powerplants, a
gap exists in integrating these aspects into a comprehensive framework specifically applicable to the Indonesian context.

e Limited role of MCS for Indonesian CFPPs: Current research often employs MCS for a broader range of uncertainties. In
this study, the focus of MCS will be solely on predicting future coal demand for the PLTU Pelabuhan Ratu.

e Addressing Uncertainty and Supplier Selection for PLTU Pelabuhan Ratu: Research can be further developed by
utilizing predicted demand from MCS to guide supplier selection through AHP, considering Indonesian regulations and
specific needs of the PLTU Pelabuhan Ratu.

2.3. This Research Contribution
This research addresses the identified gap by proposing an integrated methodology that combines:

e AHP: To prioritize criteria for coal supplier selection based on expert judgment, strategic objectives, and Indonesian
regulations, specifically tailored to the PLTU Pelabuhan Ratu.

e  Prediction of Coal Demand Using MCS for PLTU Pelabuhan Ratu: To assess the variability and potential range of future
coal demand at the PLTU Pelabuhan Ratu.

This integrated approach aims to provide a more robust decision-making framework for selecting optimal coal suppliers that
can meet the predicted coal demand for the PLTU Pelabuhan Ratu while considering other critical factors, all within the context
of Indonesian regulations and the specific needs of the power plant.

III. METHODOLOGY

This section details the methodological approach employed in this study to select optimal coal suppliers for energy management
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optimization at the Pelabuhan Ratu Power Plant (PLTU Pelabuhan Ratu) in Indonesia. The methodology integrates two key
techniques:

1. Analytical Hierarchy Process (AHP): This multi-criteria decision-making (MCDM) approach structures the selection
process by considering various criteria and alternatives (coal suppliers) based on their relative importance and
performance, tailored to the PLTU Pelabuhan Ratu and Indonesian regulations.

2. Monte Carlo Simulation (MCS): This computational method simulates random variations in historical coal demand data
specific to the PLTU Pelabuhan Ratu to predict a range of possible future demand values.

The following sections detail the implementation of each technique within the overall methodology framework. Here, the
predicted coal demand from MCS will be used to inform the selection of coal suppliers through AHP, considering the
specific context of the PLTU Pelabuhan Ratu.

3.1. Analytical Hierarchy Process (AHP)

According to [31], the Analytical Hierarchy Process (AHP) is a structured decision-making approach in the field of
management that analyzes comparisons between various criteria and alternatives to determine the most optimal choice. It is a
multi-criteria decision-making (MCDM) method that allows for the systematic evaluation of complex problems involving
multiple factors and objectives. There are 4 key features of AHP: i) Hierarchical Structure: The AHP breaks down a decision
problem into a hierarchy, consisting of a goal at the top, followed by levels of criteria and sub-criteria, and finally, alternatives
at the lowest level; ii) Pairwise Comparisons: The AHP utilizes pairwise comparisons to assess the relative importance of
criteria and the relative preference of alternatives against each criterion. These comparisons are made on a scale of 1 to 9,
representing equal importance or preference to extremely strong importance or preference. iii) Consistency Checks: The AHP
incorporates consistency checks to ensure that the pairwise comparisons are logical and consistent. This helps to avoid biased or
inaccurate judgments. iv) Synthesis of Priorities: The AHP synthesizes the pairwise comparisons into numerical weights for
each criterion and alternative. These weights represent their relative importance or preference in the overall decision-making
process.

In this study, there are 18 alternative suppliers examined in the AHP modelling. To determine the suppliers priority rank based
on AHP method, the criteria of supplier selection are decomposed into six main factors and 16 parameters: (1) quality which is
consisted of caloric value, total moisture, total Sulphur, and ash content, (2) price, (3) supplier reliability which is consisted of
percentage of supply realization, delivery time, and response, (4) supply sustainability which is consisted by coal mine stock
and stockout risk, (5) ordering strategy which is decomposed into just in time, fixed order quantity, economic order quantity,
and safety stock, and (6) contract strategy which is consisted of short-term contract, mid-term contract, and long-term contract.
2 experts from PLTU Pelabuhan Ratu planning department become respondents in which their judgement used as bases of
criteria and supplier priorities. AHP calculations are performed by Expert Choice 11 software.

3.2. Monte Carlo Simulation (MCS)

Monthly coal supply data covering the period 2020-2023 are utilized in this study as received amount based. Crystal Ball
software is utilized to determine the best probability distribution, run the Monte Carlo simulation and predict the demand
assumption. Number of trials used in this study is set in 10,000 times iteration. Coal quality data, such as caloric value and heat
rate are obtained from shipment and production report in internal department of PLTU Pelabuhan Ratu. Whole data are
analyzed using Crystal Ball software to get the result its statistic. The likeliest or mean values of supplied coal will be used as
the standard of operational value calculation in the I/O analysis.

3.3. Input-Output (I/0) Energy Conversion Analysis

The I/O energy conversion analysis will evaluate the potential impact of different coal types on the PLTU Pelabuhan Ratu's
efficiency. This analysis will help identify the best scenario of coal supplier that fit the number of predicted demands, optimize
plant performance and minimize fuel cost.

1) The practical equation of I/O energy conversion used in analysis is [32]:

Electricity production (kWh/month) = X (Caloric Values X Allocations) / heat rate; )
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in which heat rate value is assumed applicable to all operational condition. This approach assumes a relatively consistent
boiler design and operational practices at the PLTU Pelabuhan Ratu, minimizing the impact of factors beyond coal quality.

2) From electricity production, the value is divided by number of hours monthly to seek for energy generation per hour.
Assumes that average month has 30.5 days. So, the equation of energy generation every hour will follow the formula:

Electricity production (kW) = Electricity produced (kWh/month) / (24x30.5); 2)
3) The plant capacity is calculated using the formula:

Capacity Factor = Electricity produced (kW) / (3x350,000 kW), 3)
4) Logistic cost (in rupiah/kg) is calculated using formula:

Logistic cost = sum product of CIF /X Allocations, 4)
5) While proportional cost to productivity cost is calculated using formula:

Operational cost = sum product of CIF / Electricity production (kWh); (5)

3.4. Scenario Planning

To achieve the goal of optimal energy production and stable supply to the power plant, based on the available information need
some constraint assumptions:

e Set the minimum demand of supply (based on mean value of distributed data statistic) as the supply target to fulfill monthly.

e Heat rate value is set in advance. The number represents average measured heat rate values in the system. Thus, the boiler
system is assumed to be identical for all scenarios.

e Caloric value used in calculations is gross caloric value as received based in the power plant. Mean caloric values of each
suppliers are used as the reference of supply realization qualities.

o The final expected result in the I/O calculations is estimated electricity production from several planed scenarios.
Based on the assumptions, there are six scenarios planning arranged:
1) The coal demand is in its minimum point.

2) The coal demand is higher than its minimum point, close to maximum estimated value by routine simulation (here, we
use Log-Hub application to run the simulation). The supply allocation will be shared proportionally as the suppliers list
from AHP.

3) The coal demand is higher than its minimum point, close to maximum value of demand historical data in 2020-2023. The
supply allocation will be shared proportionally as the suppliers list from AHP. The suppliers’ allocation based on the mean
value of their supply statistic.

4) The condition is similar to scenario 2, but the allocation share is only for top 9 suppliers on the AHP priority supplier list.
5) The condition is similar to scenario 3, but the allocation share is only for top 9 suppliers on the AHP priority supplier list.

6) The coal demand is according to average value of routine simulation, without through the MCS analysis to determine the
demand mean/likeliest value (no prior optimization of the demand probability). The supply allocation will be shared
proportionally as the suppliers list from AHP.

IV. RESULTS AND DISCUSSION
4.1. AHP Results and Supplier Ranking

Table IV.1 shows the result of analytical hierarchy process (AHP) calculation with their assigned weights based on expert
judgment. The result outlines the key factors and sub-factors considered when selecting coal suppliers for the Pelabuhan Ratu
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Power Plant (PLTU Pelabuhan Ratu) in Indonesia. This analysis dissects the information to understand the priorities and
considerations for optimal coal supplier selection.

There are 6 main criteria and 16 factors have been examined using pairwise comparison matrix method. Two experts participate
in the research. The similarity between the combined result and some individual expert judgments suggests a degree of
consensus on the overall priorities. Discrepancies between experts highlight areas for different sense of urgency. Some
discussions between experts have been facilitated to refine the weightage and ensure all perspectives are considered. The
inconsistency ratios indicate that all expert’s judgement (8% and 0%) and their agreement (2%) are at good level of consistency.

Based on expert | judgment and AHP analysis, we can see that Supply Sustainability (52.3%) is the most critical factor,
followed by Supplier Reliability (11.9%). While, expert 2 gives more concern about the quality of supply (48.5%) followed by
Supplier Reliability (20%). Expert 1 appears to prioritize Supply Sustainability to a similar degree as the combined result.
However, their weightage distribution within this category might differ. Expert 1 might assign a higher weight to Coal Stock
(within Supply Sustainability) compared to Expert 2, given the overall importance of this sub-criterion. Expert 1 might place
slightly less emphasis on Quality and Supplier Reliability sub-criteria compared to the combined result. Expert 2 might
prioritize Supplier Reliability more than Expert 1, potentially assigning higher weights to sub-criteria like Supply Realization
and Delivery Time. Besides, Expert 2 might show a slight inclination towards considering Price or short-term contract options
within Contract Strategy compared to Expert 1.

TABLE ERREUR ! IL N'Y A PAS DE TEXTE REPONDANT A CE STYLE DANS CE DOCUMENT..]1 CRITERIA WEIGHT ON SUPPLIER
SELECTION MODEL RESULT USING ANALYTICAL HIERARCHY PROCESS (AHP)

Priorities
Criteria Sub-criteria/ Factors :
Expert 1 Expert 2 Combin
ed
Quali 5.1% 48.5% 19.7%
ty
Caloric value 2.0% 29.7% 10.0%
Total Moisture 2.0% 13.5% 6.8%
Total sulphur 0.7% 3.3% 2.0%
Ash content 0.3% 2.1% 1.0%
Price 2.5% 3.0% 3.5%
Suppliers
. 11.9% 20.8% 20.0%
reliability
Supply realization 5.4% 16.3% 12.8%
Delivery time 5.4% 2.8% 5.3%
Response 1.1% 1.7% 1.8%
Supply
R 52.3% 10.5% 29.5%
sustainability
Coal stock 45.8% 9.2% 25.8%
Stockout risk 6.5% 1.3% 3.7%
Orderi
raering 9.9% 27% | 6.6%
strategy
Just in time 3.8% 0.4% 1.8%
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Priorities

Criteria Sub-criteria/ Factors :

Expert 1 Expert 2 Combin
ed
Fixed order quantity 1.0% 0.1% 0.5%
fllj;’;’gtn;ic order 3.3% 04% | 1.7%
Safety stock 1.8% 1.7% 2.6%
tract

;f;er;‘; 18.2% 14.5% | 20.7%
Short-term contract 1.2% 10.3% 6.4%
Mid-term contract 2.7% 2.1% 4.3%
Long-term contract 14.3% 2.1% 9.9%
Inconsistency 8% 0% 2%

The combined result reflects a balanced approach, prioritizing Supply Sustainability, while acknowledging the importance of
Quality, Supplier Reliability, Price, and Contract Strategy. Supply Sustainability (29.5%) emerges as the most critical factor,
highlighting the plant’s commitment to responsible sourcing and long-term coal availability. Coal Stock (25.8%) within
Sustainability emphasizes maintaining adequate coal reserves while minimizing stockout risks. Contract Strategy (20.7%),
Supplier Reliability (20%) and Quality (19.7%) are another key consideration, ensuring consistent, timely coal deliveries and
meet the boiler system qualification. It represents the weight of Supply Realization (12.8%), Caloric Value (10%) and Long-
Term Contract (9.9%) to ensure that the sustainability of supply is really fulfilled quantitively and qualitatively. The secondary
considerations come up from Ordering Strategy (6.6%) which emphasizes efficient stock management practices through
techniques like Just-in-Time and Economic Order Quantity. Delivery Time (5.3%) within the category of Supplier Reliability,
and Price (3.5%), while not the top priorities, still plays a role.

Overall, the combined analysis portrays a decision-making process that prioritizes:
1. Sustainable Sourcing: Responsible coal mining practices and ensuring long-term coal availability.
2. Reliable Supply: Consistent and timely coal deliveries to avoid disruptions at the power plant.
3. Fuel Efficiency: Considering coal quality factors like caloric value to optimize plant operations.

By prioritizing these aspects, the PLTU Pelabuhan Ratu aims to achieve a balance between environmental responsibility,
operational efficiency, and cost-effectiveness in coal supplier selection. The ranking of these criteria indicates the most
important aspects in decision making. By evaluating suppliers against these weighted criteria, the AHP identifies the ones that
best align with the plant’s priorities.

Table IV.2 shows the ranking of alternative coal suppliers (18 suppliers, company A-R) for the PLTU Pelabuhan Ratu based on
their priorities. Supplier A (13.9%) emerges as the top contender in the ideal mode. This indicates that under a scenario where
all criteria in the AHP analysis have the highest possible importance, Supplier A aligns best with the PLTU Pelabuhan Ratu’s
priorities. Suppliers B (10.6%) and C (9.6%) follow closely, suggesting they are also strong options. Suppliers D to I (7.0% -
5%) are considerable suppliers to complement the overall plant’s priorities. Suppliers J to R (<5%) have progressively lower
priorities, indicating a potentially weaker fit with the plant’s ideal criteria preferences.

The AHP results provide valuable insights into the relative importance of various factors considered during coal supplier
selection at the PLTU Pelabuhan Ratu. This allows decision-makers to prioritize factors most critical for efficient energy
management and plant performance within the Indonesian context. The supplier ranking derived from AHP offers a preliminary
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selection guide.

TABLE ERREUR ! IL N'Y A PAS DE TEXTE REPONDANT A CE STYLE DANS CE DOCUMENT..2 SUPPLIER SELECTION RANK LIST USING
ANALYTICAL HIERARCHY PROCESS (AHP)

TABEL ERREUR ! IL N'Y A PAS DE TEXTE REPONDANT A CE STYLE DANS CE DOCUMENT..3 NUMBER OF SUPPLY

Rank Alternative Suppliers | Priorities
1 Supplier A 13.9%
2 Supplier B 10.6%
3 Supplier C 9.6%
4 Supplier D 7.0%
5 Supplier E 6.9%
6 Supplier F 6.3%
7 Supplier G 6.2%
8 Supplier H 5.4%
9 Supplier I 53%
10 Supplier J 4.3%
11 Supplier K 3.7%
12 Supplier L 3.6%
13 Supplier M 3.2%
14 Supplier N 3.0%
15 Supplier O 2.9%
16 Supplier P 2.9%
17 Supplier Q 2.7%
18 Supplier R 2.6%

REALIZATION IN PLTU PELABUHAN RATU IN 2020-2023

Coal Supply Realization (Metric Ton)

Month
2020 2021 2022 2023
January 337,455.706 | 297,948.340 | 322,027.696 | 356,433.655
February 346,255.621 259,802.449 | 387,794.104 | 360,026.984
March 421,008.235 319,728.104 | 327,342.499 | 375,256.898
April 389,768.380 | 274,151.738 | 395,716.617 378,951.939
May 272,589.705 325,920.451 312,141.784 | 344,053.944
June 397,350.502 | 294,428.849 | 364,185.906 | 379,888.220
July 296,927.216 | 273,780.288 250,417.086 | 225,867.866
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Coal Supply Realization (Metric Ton)
Month
2020 2021 2022 2023
August 395,110.647 | 245,319.744 | 295,825.161 338,470.198
September | 338,201.976 356,755.948 | 220,114.549 384,276.131
October 387,120.279 390,234.463 329,938.109 | 370,672.761
November | 438,156.592 314,153.711 324,060.926 | 405,274.065
December 284,490.866 370,994.459 | 359,105.459 | 396,621.901
Total 4,304,435.725 | 3,723,218.544 | 3,888,609.896 | 4,315,794.562

4.2. MCS Results and Demand Prediction

The Monte Carlo Simulation (MCS) focused on predicting future coal demand at the PLTU Pelabuhan Ratu. By simulating
random variations in historical demand data, the MCS generated a range of possible future demand values. Historical data of
coal realization from suppliers in PLTU Pelabuhan Ratu are presented in Tabel IV.3.

The table presents historical coal demand data from January 2020 to December 2023, with monthly and annual totals. Coal
demand appears to exhibit seasonal fluctuations. Generally, demand is higher during the dry season (April-October). This could
be due to factors like increased agricultural irrigation needs, leading to higher electricity consumption for pumping water,
besides air conditioner for buildings. While the overall demand seems to be increasing from 2020 to 2023 (4.3 million tons in
2020 vs. 4.32 million tons in 2023), there are significant variations between years. This could be influenced by various factors
like changes in industrial activity, weather patterns, or energy policies. Some months show unusually high or low demand
compared to their typical seasonal patterns. For example, July 2023 has a significantly lower demand than usual. Significant
decrease of demand number influenced by lower supply realization and give impact to load percentage in consumption and
electricity production (see Fig.1).

Coal realization vs consumption (tons)
2020-2023
500000
400000 —N . 7Y - y~ -
AN/ A AASAA Y L
300000 709&\% -
‘a4 YA v
200000
100000
0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47
@mmmmn Period ~ esss=Coal Demand Coal Consumption

Fig. 1 Realization and consumption of coals in PLTU Pelabuhan Ratu 2020-2023

Fig.1 shows that coal consumption is strongly connected to the number of received supply. While, coal consumption is directly
determining the energy generation. Thus, it is very likely that the data indicates that PLTU Pelabuhan Ratu is not reaching its
maximum electricity production capacity due to limited supply of coal. This is in a good agreement with AHP result above that
sustainability sourcing and reliable supply become the most important issues in PLTU Pelabuhan Ratu.

Based on statistical analysis, Fig.2 shows that supply realization in PLTU Pelabuhan Ratu has minimum extreme data
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distribution pattern. The data points in Fig.2 are clustered towards the lower end of the range. This means more frequent
occurrences of lower supply realization values compared to higher ones. The tail on the right side (representing higher supply
realization) is shorter or nonexistent compared to the tail on the left side (representing lower supply realization).

The data analysis suggests that most of the time, the amount of coal received (supply realization) is lower than what was
planned or contracted for. This indicates a tendency for under-deliveries from the suppliers. This data distribution pattern has
some potential implications:

e Under-deliveries can create uncertainty and potentially disrupt power generation schedules at the PLTU Pelabuhan Ratu.
o If the planned supply consistently exceeds actual needs, it might indicate inefficient procurement planning.
e Under-deliveries might require adjustments to power generation plans or emergency purchases, potentially impacting costs.

To handle this situation, either it is through reviewing the existing contracts, negotiating with suppliers, or exploring
alternative sourcing options, the AHP model has considered these criteria. Hence, we believe that the alternative suppliers
ranking could meet with many possible strategies. To implement the optimal strategies, demand forecasting model should be
refined.

Based on the data distribution fit, the demand forecasting data model is shown in fig.3. Its highest accuracy is in about
338,000 — 342,000 tons/month range of supply in average needed, according to MAPE (mean absolute percentage error) < 10%
[33]. The number of trials is 10,000 iterations with the level of confidence is 95%. The fluctuation probability seems still
observed, with high variabilities. To prevent the impact of under supply, CFPP should assure that the suppliers comply their
contract.
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To mitigate risks associated with under supply scenarios, historical data of suppliers’ performance is presented in Table IV.3.
based on the ASTM D388, most of suppliers supply low rank coal (<4800 kcal/kg). Even the contracted suppliers deliver the
lower rank quality supply frequently. Their mean values indicate this asumption. The monthly supply also suggests that mean
values are very close to the minimum values rather than the maximum. Thus, under supply is associated with poor performance

of many suppliers.

TABLE ERREUR ! IL N'Y A PAS DE TEXTE REPONDANT A CE STYLE DANS CE DOCUMENT..3 SUPPLIER HISTORICAL PERFORMANCE

OF SUPPLY REALIZATION
Monthly Supply (ton) Caloric value (kcal/kg)
No. Suppliers
Min Mean Max Min Mean Max

1 Supplier A 13,849.12 | 145,452.74 | 239,216.39 4,500.00 4,697.51 4,932.00
2 Supplier B 3,435.39 14,903.73 44,677.65 4,000.00 4,679.80 4,900.00
3 Supplier C 11,093.27 26,259.57 59,270.12 4,000.00 4,271.74 4,300.00
4 Supplier D 5,318.47 39,106.99 91,601.50 4,500.00 4,693.10 4,900.00
5 Supplier E 4,297.75 10,335.65 19,716.25 4,300.00 4,533.56 4,600.00
6 Supplier F 9,500.00 24,845.68 50,000.00 4,600.00 4,734.39 5,000.00
7 Supplier G 7,500.00 18,470.57 40,000.00 4,337.00 4,468.50 4,600.00
8 Supplier H 7,500.00 30,177.48 83,578.80 3,600.00 3,832.59 4,000.00
9 Supplier I 7,500.00 23,021.19 46,998.32 4,000.00 4,224.90 4,500.00
10 Supplier J 6,018.86 19,570.95 44,596.22 4,300.00 4,472.62 4,600.00
11 Supplier K 8,500.00 18,227.34 25,269.84 3,900.00 4,053.05 4,200.00
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Monthly Supply (ton) Caloric value (kcal/kg)
No. Suppliers
Min Mean Max Min Mean Max
12 Supplier L 7,740.71 16,903.41 35,402.92 4,000.00 4,105.00 4,200.00
13 Supplier M 7,500.00 16,548.43 35,000.00 3,600.00 4,105.18 4,150.00
14 Supplier N 7,454.47 8,129.10 8,763.09 4,089.00 4,360.50 4,632.00
15 Supplier O 7,320.44 13,639.75 54,500.00 3,750.00 4,026.82 4,100.00
16 Supplier P 7,203.60 9,655.06 25,661.82 3,949.00 4,106.90 4,200.00
17 Supplier Q 7,524.60 8,798.51 10,005.90 3,600.00 3,801.90 4,200.00
18 Supplier R 7,460.48 11,522.09 15,583.70 4,000.00 4,069.70 4,200.00

Prediction result for 36 coming months is presented in Table IV.4. As the comparative simulation, routine forecasting using
Log-Hub is also conducted. The reliability of MCS forecasting is up to month-76 of the model in Single Moving Average mode
(which best error level according to the software analysis). According to MCS, the forecasted mean value is 338,579.18
ton/month. Whereas, the routine simulation predicts that average value of monthly demand is 316,873.74 ton, lower than MCS
that consider the probability. From the predictions result, the lowest demand is estimated about 253,424.95 ton by September,
while the highest is predicted in January as 367,431.85 ton. Both numbers are within the range of predicted MCS.

CARLO SIMULATION (MCS) AND LOG-HUB

Period Lz‘;}f/:: Forecast (;I;P;:; Log-Hub
49 242,420.29 | 338.579.18 | 434,738.06 | 367,431.85
50 239,481.62 | 338.579.18 | 437,676.73 | 293,020.10
51 237,358.51 | 338.579.18 | 439,799.84 | 364,831.02
52 235,808.64 | 338.579.18 | 441,349.71 | 330,212.16
53 235,708.05 | 338.579.18 | 441,450.31 | 338,233.28
54 234,474.46 | 338.579.18 | 442,683.90 | 286,087.76
55 234,747.49 | 338.579.18 | 442,410.87 | 309,361.49
56 232,645.69 | 338.579.18 | 444,512.67 | 325,457.22
57 232,306.83 | 338.579.18 | 444,851.53 | 253,424.95
58 229,900.22 | 338.579.18 | 447,258.13 | 271,284.87
59 225,805.01 | 338.579.18 | 451,353.34 | 322,148.73
60 229,244.59 | 338.579.18 | 447,913.76 | 340,991.40
61 224,700.73 | 338.579.18 | 452,457.63
62 234.889.89 | 338,579.18 | 442.268.47
63 232,498.03 | 338.579.18 | 444,660.32
64 230,469.60 | 338,579.18 | 446.688.75

TABLE ERREUR ! IL N'Y A PAS DE TEXTE REPONDANT A CE STYLE DANS CE DOCUMENT..4 FORECASTING RESULT OF MONTE
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Period L; ?Z: Forecast (;I;I;i; Log-Hub
65 230,765.15 | 338.579.18 | 446,393.20
66 229,583.95 | 338,579.18 | 447.574.40
67 226,925.60 | 338.579.18 | 450,232.75
68 225,145.12 | 338,579.18 | 452,013.24
69 219,492.74 | 338.579.18 | 457,665.62
70 212,192.24 | 338,579.18 | 464,966.11
71 209,352.78 | 338.579.18 | 467,805.58
72 230,180.69 | 338,579.18 | 446,977.67
73 220,323.81 | 338.579.18 | 456,834.54
74 218,379.72 | 338,579.18 | 458,778.63
75 199,710.03 | 338.579.18 | 477,448.33
76 207,563.46 | 338,579.18 | 469,594.89
77 --- | 338,579.18 ---
78 --- | 338.579.18 ---
79 --- | 338,579.18 ---
80 --- | 338.579.18 ---
81 --- | 338,579.18 ---
82 --- | 338.579.18 ---

4.3. Integration of AHP, MCS, and I/O Energy Conversion Analysis

Table IV.5 presents the simulation of demand planning, electricity production and logistic costs with integrated AHP, MCS and
I/O energy conversion analysis approaches. All assumptions and calculation methods are mentioned in the methodology.

TABLE ERREUR ! IL N'Y A PAS DE TEXTE REPONDANT A CE STYLE DANS CE DOCUMENT..5 SIMULATION OF DEMAND PLANNING,
PRODUCTION OF ELECTRICITY ESTIMATION, AND LOGISTIC COSTS

Opera.ttonal Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6
) Variabel
Heat rate
1 2.754.82 2,754.82 2,754.82 2,754.82 2,754.82 2,754.82
(keal/kWh) 734827 754.827 754.827 754.827 754.827 754.827
5 | Cut-off of supply 338579.18 | 338,579.18 | 338579.18 |  353.954.06 | 432,610,513 | 316,873.74
(ton/month)
3 (St“?/’g Eltir;mng 338,579.180. | 370.371,892. | 435.247.640. | 370371,890.  435247,640. | 316,873,736.
onmo 00 00 00 00 00 05
4 | Weighted caloric 4,535.19 4,509.17 4.451.30 4,549.62 4,559.07 4,551.75
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N Op era.ttonal Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6

0 Variabel
value (kcal/kg)
Electricity

5 | production/month 557393314, | 606234518, | 703.281224. | 611,672.933.  720,308.451. | 523.,565.046.
(kWh) 95 83 60 72 61 28
Electricity

6 | production/hour 76146628 |  828.189.23 | 960,766.70 |  835.618.76 |  984.027.94 |  715.252.80
(kW)
P ti it

7 ((;O)d“cmncapa"ly 72.52% 78.88% 91.50% 79.58% 93.72% 68.12%
0

g | Logistic cost- CIF 33157513 | 36398475 | 42121082 | 36426723 | 427.091.89 |  312,044.50
(Rp million)

g | Logistic cost - 97931 982.75 967.75 983.52 981.26 984.76
average (Rp/kg)

1o | Operational cost 594.87 600.40 598.92 595.53 592.93 596.00
(RokWh) . . . . . .

Following are descriptions of the operational variables used in the calculations:

e Heat Rate: This refers to the amount of heat energy required to generate one unit of electricity (kWh) and is
expressed in kcal/kWh. Here, it remains constant across all scenarios.

e  Cut-off of Supply: This indicates the minimum amount of coal required per month (in tons) to avoid stock depletion.
It varies across scenarios.

e Supply Planning: This represents the planned amount of coal to be supplied per month (in tons). It varies across
scenarios.

e  Weighted Caloric Value: This reflects the average calorific value of the coal used during the scenario (in kcal/kg). It
varies slightly across scenarios.

e Electricity Production (Monthly & Hourly): These columns show the total electricity produced per month (kWh) and
per hour (kW) based on the other variables. As expected, these values increase with higher planned supply.

e  Production Capacity (%): This indicates the percentage of the plant's maximum capacity utilized in each scenario. It's
calculated based on the electricity produced compared to a potential maximum.

o Logistic Cost (CIF & Average): These columns represent the costs associated with coal transportation and delivery.
CIF (Cost, Insurance, and Freight) likely refers to the total landed cost, while the average cost is per kilogram of coal.

e  Operational Cost (Rp/kWh): This is relative contribution to the final cost of generating electricity per unit (kWh),
considering all factors like fuel cost, transportation, and potentially other operational expenses.

The table presents six different scenarios (Scenario 1 - 6) with varying values for the operational variables. Based on the
assumption of a heat rate of 2754.83 kcal/kWh and a coal supply of 338,579.18 tons, the resulting electricity production can
meet the power plant's production capacity requirements up to 72.52% (Scenario 1). According to the optimization point of the
Monte Carlo simulation results for Scenarios 2-5, the optimal production capacity is within the operational range of 78-93%.
The optimal calorific value range is between 4450-4550 kcal/kg. While, Scenario 6 as the minimum cut-off as well as demand
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planning, resulting 68.12% electricity generated of its maximum capacity.

AHP ranking is used to the shortlisted suppliers to meet the plant's criteria and coal demand based on MCS and other
condition in the scenario planning. Average logistics costs are relatively equal across all scenarios, with the exception of
Scenario 3 (Rp 967.75/kg) which evenly distributes supply requirements according to the mean delivery values of suppliers
based on priority order (requirements met by 16 suppliers). Thus, the results of the supplier modeling using the AHP method are
consistent with the results of the Monte Carlo simulation.

On the other hand, the logistics costs incurred in proportion to electricity productivity are observed to be most efficient in
Scenario 5, amounting to Rp 592.93/kWh. In Scenario 5, the supply quantity follows the order of the AHP supplier model and
can be met by 9 main suppliers. Thus, the results of AHP modeling and Monte Carlo simulation support each other.

However, Scenario 1 shows that the supply acceptance condition results in the second lowest average cost (after Scenario 3)
and the second most efficient proportional operational cost (after Scenario 5) based on the number of suppliers (10 main
suppliers) with highest supply probability. In addition, electricity production is relatively maintained at a capacity of 72.25%.
Therefore, Scenario 1 is the most optimal result in an extreme minimum supply situation.

A comparison between Scenario 2 (11 suppliers) and 4 (9 suppliers), as well as 3 (16 suppliers) and 5 (9 suppliers), reveals
that based on logistics costs, distributing coal demand according to the order and mean values of those suppliers results in a
more cost-effective outcome compared to increasing the contract supply value with 10 main suppliers. This is because suppliers
in the medium and lower priority groups can offer competitive and lower logistics costs. However, in terms of electricity
production efficiency, it tends to be slightly lower compared to the results of blending the main suppliers. Thus, when coal
demand increases but supply from main suppliers is limited, the trade-off between low logistics costs and electricity production
efficiency can indeed be negotiated. The AHP supplier selection model can provide an alternative to meet production needs and
good efficiency at competitive costs at the Pelabuhan Ratu Power Plant.

In Scenario 6, the simulation of coal demand allocation based on the supplier selection model results in electricity
productivity of 523,565.05 thousand kWh per month or approximately 68.12% of the plant's maximum capacity. Average
logistics costs are the most expensive of all scenarios (Rp 984.76/kg). The contribution of the cost per kWh of Scenario 6 to the
operational cost (Rp 596.00/kWh) is also greater than Scenario 1 (Rp 594.87/kWh). Thus, Scenario 6 is relatively uneconomical
compared to Scenario 1. In addition, electricity productivity in Scenario 6 is lower than in Scenario 1. Therefore, from the
perspective of electricity production sustainability, Scenario 1 has the potential to maintain the electricity supply by 4.40% per
month compared to Scenario 6, which does not consider supply probability.

Based on the simulation calculations in Table IV.5 above, it can be concluded that under extreme supply conditions, the
most optimal monthly supply value is 338,58 thousand tons of coal, which supports the operation of the power plant unit up to
72.52% per month of the maximum capacity. The supply plan can be met by 10 suppliers according to the AHP model order,
with alternative suppliers according to the portion of logistics cost considerations or electricity production efficiency. To
improve production efficiency, the supply quantity option can be focused on the 9 main suppliers with a trade-off in increased
logistics costs.

This study acknowledges limitations, such as the simplified I/O analysis might not capture the full impact of coal property
variations. Future research can explore incorporating real-time data and more advanced I/O efficiency models for further
refinement.

V. CONCLUSIONS

Based on the analysis of various scenarios and the Monte Carlo simulation results, this study identified key strategies for
optimizing coal supply for the power plant under different conditions:

1. When coal supply is extremely limited, prioritizing the top 10 suppliers ranked by the AHP model with a monthly supply
of 338,58 thousand tons can maintain power plant operation at up to 72.52% of its maximum capacity. Alternative
suppliers can be considered based on logistics costs or efficiency needs.
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2. Scenarios 2-5 highlight the potential for achieving a balance between cost and efficiency. By focusing on a production
capacity range of 78-93% and utilizing coal with a calorific value between 4450-4550 kcal/kg, the power plant can operate
more efficiently while keeping costs under control.

3. The analysis emphasizes the trade-off between logistics costs and electricity production efficiency. While focusing on the
9 main suppliers may improve efficiency, it might also increase logistics costs. Selecting suppliers based on a combination
of factors like cost, efficiency, and supply probability can help achieve an optimal balance.

4. The consistency between the AHP supplier model results and the Monte Carlo simulation findings validates the
effectiveness of the AHP approach for identifying optimal supplier selection strategies.

Overall, this study demonstrates the importance of using a data-driven approach to optimize coal supply for power plants. By
considering factors like heat rate, coal properties, logistics costs, and production efficiency, decision-makers can choose the most
appropriate supply strategy for different operating conditions.

Further research could explore integrating real-time data on coal prices, transportation disruptions, and electricity demand
fluctuations into the optimization model for even more dynamic and adaptable supply strategies.
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